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Abstract 
Water is a valuable resource in south-western Australia due to its relative scarcity. In the 
Peel-Harvey Region, water quality and declining groundwater are two issues that impact on
the sustainability of water resources. Rainfall and streamflow are forecast to decline further 
by 2030. High nutrient levels in drains and rivers, and declining groundwater levels can be 
mitigated by controlled drainage, through reductions in baseflow, and nutrient efflux.  
The Peel Main Drain, located in the Peel Region of Western Australia extends from Jandakot 
to near Warnbro where it joins the Serpentine River. The Peel Main Drain is a large source
of nitrate (N) and phosphorus (P) efflux into the Peel-Harvey Estuary, contributing more 
than 26t N and 4.5t P per year or 2.2% and 2.4%  of total contribution to the estuary 
respectively. Using a simple nutrient load model, baseflow which is derived from 
groundwater,  accounts for approximately half of PO4 efflux in the Peel Main Drain, during 
the later period of the year, from August to December. 
This thesis examines the effectiveness of using controlled drainage in the Peel Main Drain, 
through an investigation of the literature on nutrient movement in the Peel Region, and an 
assessment of the hydrology of the Peel Main Drain and surrounding area. Water levels in 
the Peel Main Drain were modeled using hydrograph data, and the HECRAS river analysis 
model.  
Flooding and cost are two issues relating to controlled drainage. Modelling of flow and 
groundwater level in the Peel Main Drain area highlighted the interaction of groundwater 
and flow, and the large number of former and present wetlands in the study area. This 
thesis argues that flooding risk can be managed through the use of variable height weirs or 
other adjustable flow barriers, with associated costs. Cost limits areas where controlled 
drainage would provide significant benefits. 
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1 Introduction 
Water in Western Australia is a valuable resource. This is due in part to its relative scarcity in 
comparison to other regions in the world, and particularly due to the continuing decline of 
rainfall in the south-west region (CSIRO 2009b). Groundwater is extracted for water supply 
in Perth (Leyland 2011; National Water Commission 2012), and this presents an issue, as 
many wetlands on the Swan Coastal Plain are dependent on groundwater (Evans and Hatton 
1998). Wetland dependency on groundwater in the Swan Coastal Plain is due to the fact 
that these wetlands have sandy, permeable bases which allow for groundwater seepage 
(Appleyard and Cook 2009). 
The Peel-Harvey Region of Western Australia contains an estuary fed by the Serpentine, 
Murray and Harvey Rivers, which have a total catchment area of 9 600 km2 (McComb and
Humphries 1992). These rivers are heavily modified and trained, and water from drains is a 
major source of flow into the rivers and into the estuary. The Peel-Harvey Region also has a 
large number of wetlands (Tulbure and Broich 2013), including many that are of 
international significance as they are visited by migratory birds. Three groups of wetlands in 
the Peel Harvey Region are Ramsar listed in recognition of international significance, 
including the Peel-Yalgorup group of wetlands, Forrestdale and Thompson’s Lake, and the 
Becher Point wetlands (DEC 2003; DOSEWPAC 2012), and portions of the estuary are also 
Ramsar listed, including the Harvey Estuary and Peel Inlet (DEC 2003). 
Wetland coverage on the Swan Coastal Plain has been greatly reduced through various land 
management interventions (Davis and Froend 1999), with fewer than 30% of naturally 
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occurring wetlands remaining (Tulbure and Broich 2013), and these wetlands are under 
threat due to decreasing groundwater levels (Evans and Hatton 1998) (Figure 8). Decreasing 
rainfall and increasing groundwater extraction have contributed to this decline in 
groundwater levels (Ali et al. 2012). Decline in groundwater level is likely to continue as 
rainfall and streamflow continue to decline. An average 8% decline is forecast, as well as 
greatly decreased stream-flow with a median drop in stream-flow of 25% (CSIRO 2009b; 
Petrone et al. 2010) 
Agriculture has historically been a major landuse in the Peel-Harvey Region, occupying 67% 
of the coastal region (Rivers 2004), and this is still the case. However, rapid urbanisation is 
occurring and this will alter water flow and nutrient export in the region (Rogers et al. 2010). 
The Peel Main Drain, which flows into the Serpentine River, is a major source of nutrients 
into the river and the estuary, exporting an estimated 26 t/yr of nitrogen (N) and 4.5 t/yr of 
phosphorus (P) which is 2.2% and 2.4% of the total input of N and P into these systems 
(Kelsey et al. 2011). The Peel-Harvey Estuary has suffered from water quality issues for 
many years. These have been recognised from at least  1976, with high N and P levels 
contributing to a number of algal blooms in the estuary (Hodgkin et al. 1980), and fish kills in
 contributing rivers (McComb and Humphries 1992).contributing rivers ( cCo b and u phries 1992). 
To date a range of approaches have been used to manage nutrient export into the Peel-
Harvey Estuary, including engineering approaches and changes in land management 
practices. One engineering approach that may contribute to reducing nutrient export in the 
Peel Main Drain is controlled drainage, a technique that has been applied in several 
overseas situations (Ayars et al. 2006; Borin et al. 2001; Kröger et al. 2011; Wesström et al. 
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2001). Controlled drainage increases the residence time of water in the soil, and increases 
chemical retention time, allowing more time for biological uptake or nutrient binding in the 
soil. Controlled drainage is often paired with wetlands to improve water quality and retain 
nutrients, resulting in improved water quality in downstream receiving environments, and 
as part of a combined method including construction of an artificial wetland and weir (Borin 
et al. 2001). 
Controlling flow in drains may be achieved in a variety of ways, including drop board weirs, 
each of which has different benefits and costs (Ayars et al. 2006; Rampano 2009). The aim 
of controlling drainage is to slow the flow of water in the drainage systems and improve 
retention of nutrients in the catchment upstream of the weir (Kröger et al. 2008). It may 
have the additional benefit of increasing the amount of groundwater retained in the area 
upstream of the weir, particularly where the drain intersects groundwater potentiometric 
surfaces. Using this approach it may be possible to control the rates of drainage in the main 
drains without affecting function, and at the same time reduce nutrient efflux. The aim of 
this study is to calculate flows in the Peel Main Drain to assess the options for controlling 
drainage, and the potential benefits to water quality in the receiving environment that may 
occur as a result. Controlling drainage may also retain more water for wetlands, in an area 
with a significant negative trend in groundwater and predicted long-term decline in rainfall 
and groundwater levels. Opportunities exist to control drainage within the Peel Main Drain, 
and used  with a constructed wetland may result in improved water quality and decreased 
nutrient efflux (Borin et al. 2001). 
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The Peel Main Drain may be used as a study area for investigations of drainage modification 
in the Peel-Harvey Region. The drain extends from Jandakot to Warnbro, where it joins the
Serpentine River (Figure 1). The drain receives spikes in flow following large rain events 
(Figure 10), and has a base flow component, derived from groundwater, over most of the 
year (Figure 15). Water quality within the Peel Main Drain is often poor due to high nutrient 
levels (Brooks 2009). This thesis presents results of the study to assess the feasibility of 
using controlled drainage for managing water quality in the Peel-Harvey Region, including
potential benefits to water quality in the receiving environment of the drain that may occur 
as a result. The study is limited to mechanisms of controlled drainage and hydrology in the 
Peel Region, focusing on the Peel Main Drain. This is achieved by:  
1.Literature review, with the main focus of the review on movement of nutrients and
hydrology within the Peel Harvey Region and an examination of controlled
drainage systems in other jurisdictions.
2.Modelling using the Hydraulic Engineering Corps River Analysis System (HECRAS)
model. This examines water levels within the drain study area, relative to bank 
height and groundwater and specifically the likely impact of impoundment on the 
Peel Main Drain.  This also involved nutrient load modelling in the Peel Main Drain. 
3.Comparison of results with the literature on nutrient movement and controlled
drainage to assess the feasibility of using controlled drainage in the Peel Region. 
Despite attempts at access nutrient data were not available from the Department of Water 
and this thesis thus concentrates on the water flow implications of impoundment. 
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2 Literature Review 
2.1 Introduction 
This literature review provides background to and current understanding of nutrient issues 
in the Peel- Harvey Region, and past and potential methods for managing nutrient efflux into
the Peel-Harvey catchment. The review focuses on sources of nutrients in the Peel-Harvey 
Region and the movement of nutrients through the landscape into the rivers and estuary.
Nutrient efflux from land use within the Peel-Harvey catchment area has contributed to 
algal blooms and decreased water quality. Means of reducing nutrient efflux from the 
landscape are studied, with emphasis on controlled drainage. The mechanism by which 
controlled drainage influences nutrient levels in drains and streams is also examined. 
2.2 Peel Harvey system 
2.2.1 Location  
The Peel-Harvey Estuary is located approximately 70 kilometres to the south of Perth. 
Within the catchment of the Peel-Harvey Estuary, mixed land uses occur. These include both 
urban and rural (agricultural) land uses (McComb and Humphries 1992). Historically, much 
of the land used for agriculture within the Peel-Harvey Region was low in phosphorus (P),
and P was added to the soil (Summers et al. 1999). Much of the soil within the region has 
very limited phosphorus retention capacity (Figure 2), and the addition of P results in rapid 
subsurface transport through the porous sand (Ritchie and Weaver 1993). 
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The Peel-Harvey Estuary has received large amounts of P from catchments where 
agricultural land use dominates. This has lead to the development of severe water quality 
issues, and to major engineering intervention in the form of the Dawesville Channel (Keipert 
et al. 2008), which increased circulation in the Peel-Harvey Estuary and reduced the 
frequency of algal blooms. Despite the construction of the Dawesville Channel, fish kill 
events and algal blooms continue to occur within the lower river reaches flowing into the 
Peel-Harvey Estuary (Keipert et al. 2008). 
The main agricultural land use within the Peel-Harvey area is broadscale grazing of cattle on 
Figure 2: Map of the Phosphorus Retention Index (PRI) of the 
soils of the Swan Coastal Plain component of the Peel-Harvey 
catchment (courtesy Department of Agriculture and Food)
Peel Main Drain
Serpentine River
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annual pastures, including clover (Trifolium subterranean), capeweed (Arctotheca calendula) 
and ryegrass (Lolium rigidum) (Keipert et al. 2008). 
The Peel Main Drain is located within a catchment where both urban and agricultural land 
uses take place (McComb and Humphries 1992). The drain receives water from the north 
western portion of the Serpentine catchment. The drain channel is grassed (SKM 2010). The 
drain receives significant amounts of nitrogen (N, mainly as nitrate) and P, both in organic 
and inorganic forms (Kelsey et al. 2011). The Peel Main Drain flows into the Serpentine 
River, one of the three rivers which feed into the Peel-Harvey Estuary. Approximately 30% 
of the P transported into the estuary flows in from the Serpentine River, and ranges from 14 
to 70 t P/yr (McComb and Humphries 1992). The Peel Main Drain transports approximately 
1.3 t P/yr (DoW 2009). 
2.2.2 Hydrogeology 
The Peel Harvey Estuary is located within the Perth Basin, a large sedimentary basin covered 
by the Swan Coastal Plain (Brearley 2005). Within the Basin, the land surface is generally 
flat, and the Peel-Harvey catchment extends beyond the plain into the Darling Scarp and the 
Yilgarn plateau. Much of the Peel-Harvey catchment has been dammed, however since land 
clearing, the sand plain has acted as a groundwater recharge zone and flows have not been
significantly reduced as a result of damming (Brearley 2005). More than 1500 wetlands are 
found in the Swan Coastal Plain (Tulbure and Broich 2013), in which the Peel-Harvey Region
is located. 
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2.2.3 Climate 
Climate within the Swan Coastal Plain is Mediterranean with winter dominated rainfall 
(Figure 3) (Summers et al. 2002). The drying of the Peel-Harvey Region is likely to continue,
and may accelerate (CSIRO 2009b; Kelsey et al. 2011). 
2.2.4 Hydro logy and Geology 
The Swan Coastal Plain, in which the Peel-Harvey Estuary is located, is situated over the
Perth Basin (Leyland 2011). The Perth Basin extends 1300 km along the south west coast of 
Australia both on and offshore (Leyland 2011), in a north to north-westerly direction. The 
basin has a total area of 172 300 km2 (Brearley 2005; Salama et al. 2002). Formation of the 
Basin occurred during the Permian to early Cretaceous period, in which Australia was 
separated from India (Salama et al. 2002). 
Much of the basin surface consists of sediments deposited during the Quaternary and 
Tertiary period, within which the superficial aquifer is found (Salama et al. 2002). Bands of 
differing soil type extend roughly parallel to the Darling Scarp, and are found in series 
Figure 3: Average monthly rainfall (mm) for the BP Kwinana site. Data 
courtesy of Bureau of Meteorology 
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toward the ocean (Salama et al. 2002). The approximate series from east to west is 
Guildford Clay, Bassendean Dunes, Spearwood Dunes, and the Quindalup Dunes, which 
extend from the coastline (Salama et al. 2002). These soil formations contain or overlie the 
major aquifers in the Swan Coastal Plain. 
There are three major aquifers within the central area of the Swan Coastal Plain. These 
include the superficial aquifer, Yarragadee and Leederville aquifers (Kelsey et al. 2011). The 
thickness of the unconfined superficial aquifer varies, and is up to 100 m from surface to 
base. The superficial aquifer consists of sand, silt and clay (Salama et al. 2002). Underlying 
the superficial aquifer is the Leederville Aquifer, which is composed of interbedded lenses of 
sandstone, siltstone and shale (Salama et al. 2002). The aquifer is confined above by the 
shale and siltstone formation of the Osborne Formation and below by the South Perth Shale 
(Salama et al. 2002). There is some connectivity to the superficial aquifer where the 
Osborne formation has been eroded (Salama et al. 2002). The Yarragadee aquifer is 
confined above by the South Perth Shale, within the Parmelia formation. Where the shale 
layer does not exist there is some communication between the Yarragadee and Leederville 
aquifers. The aquifer consists of sandstone, siltstone and shale (Salama et al. 2002). 
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2.2.5 History of Water Management 
More than 80% of the wetlands on the Swan Coastal Plain have been filled and drained to 
make way for urban and agricultural development (Davis and Froend 1999). Agricultural 
land in the Peel-Harvey Region was often waterlogged in winter, reducing productivity or
making farming impractical and as a response, an extensive drainage network was 
constructed to improve land suitability for agriculture and urban development (Figure 4) 
(Weaver 1993). Extensive alteration of existing watercourses also occurred, including 
diversion of the Harvey River (Brearley 2005), and the Peel Main Drain was constructed by 
modifying the Peel River floodplain (Hancock et al. 1996) to reduce winter groundwater 
levels (Brooks 2009). Many of the drains were constructed, particularly in the 1930s, during 
the Great Depression as a way of creating employment and expanding agricultural activity 
within the Peel-Harvey Region.
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Figure 4:  Drainage in the Peel Harvey Region. (Kelsey et al. 2011)
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There has been a long-term decline in rainfall over the last century, particularly in the last 40 
years in the southwest region (CSIRO 2009a). The decline in winter rainfall has resulted in 
reduced runoff and stream flow (Petrone et al. 2010). Climate has been changing since the 
construction of much of the drain network, and will continue to change, with predictions of 
a drier climate (CSIRO 2009a). 
Landuses in the Peel-Harvey Region, particularly agricultural landuses, resulted in poor water
quality and algal blooms in the Peel-Harvey Estuary. This prompted a significant engineering
alteration of the Peel-Harvey to increase flushing of the Peel-Harvey Estuary, the Dawesville 
Channel. 
2.2.6 Water flows on the Swan Coastal Plain 
Within the Swan Coastal Plain there are three major estuaries, the Swan River Estuary, the 
Peel-Harvey Estuary and further to the south, the Leschenault Estuary (Brearley 2005). The 
catchments of these estuaries are extensive, in each case extending east beyond the Darling 
Scarp. 
A number of rivers are located within the Swan Coastal Plain: the Swan River, and in the 
Peel-Harvey Region, the Serpentine, Harvey and Murray Rivers, which flow into the Peel-
Harvey Estuary. These rivers have significant estuaries, where during summer, due to 
limited flow, the conditions are marine, with high salinity, as the estuary mouths are kept 
open to allow for boat traffic. 
In addition to the rivers, an extensive drainage network has been constructed, particularly 
around the Peel-Harvey Estuary. One of these drains, the Peel Main Drain, runs through 
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areas of soil which consist of alluvial sand and clay, and sandy quartz soils more typical of 
the area (McPherson and Jones 2005). The Peel Main Drain flows into the Serpentine River, 
which feeds into the Peel-Harvey Estuary. 
The Peel Harvey Estuary receives water from the Harvey, Murray and Serpentine Rivers, and 
also from an extensive drainage network. The Murray River is the largest source, providing 
approximately 40% of the flow into the Peel-Harvey Estuary, while the Harvey and 
Serpentine Rivers contribute 38% and 20%, respectively (Hodgkin et al. 19 80; Kelsey et al.
2011; McComb and Humphries 1992; Schofield and Birch 1986). Contribution from drainage 
is included in the river totals and is 8% of the average flow (McComb and Humphries 1992). 
River discharge into the Peel-Harvey Estuary was approximately 620 GL per year from 1977
to 1988 (McComb and Humphries 1992). There is a wide inter and intra annual variation in 
flow in the Peel-Harvey catchment. Flow is winter dominated, with the majority of flow 
occurring between June and September. Flow into the Peel-Harvey Estuary varied annually
by 700 GL over the period from 1997 to 2007, from 300 GL per year to 1000 GL per year
(Kelsey et al. 2011). 
2.2.7 Soils of the Swan Coastal Plain 
Soil in Western Australia is generally ancient, heavily weathered, and nutrient poor. To the 
east of the Darling Scarp in Southwestern Australia, the landscape is particularly old, and 
heavily eroded (Commander et al. 2001). Soils to the west of the Darling scarp are much 
more recent and often consist of highly leached sands. 
The Swan Coastal Plain is located within a large sedimentary basin, the Perth Basin. This 
area is an area of rejuvenated drainage (Commander et al. 2001), and consists of 
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sedimentary material from inland erosion, and coastal deposition of sand. Soils on the Plain 
vary with distance from the sea, with a general trend of increasing age toward the Darling 
Scarp (Commander et al. 2001; Salama et al. 2002). Alluvial soils are deposited along the 
rivers, particularly the Swan River, where clays are deposited near the Darling Scarp. 
Soils on the Swan Coastal Plain are generally horizontally arranged, roughly parallel to the 
Darling Scarp. The bands are, from east to west: Guildford Clay, Bassendean Dunes, 
Spearwood Dunes, and the Quindalup Dunes (Salama et al. 2002). Soils are of sedimentary 
origin, and soils further from the ocean tend to be older formations, the most recent being 
the Quindalup dune system (Brearley 2005). The upper layers of soil on the Swan Coastal 
Plain are situated above a thick layer of marine sedimentary rock (Brearley 2005). Above 
this, sediments formed from the erosion of the Yilgarn Block have been deposited, with 
much of the deposition occurring during the Permian glaciations (Brearley 2005). 
More recent deposition has occurred from fluvial and aeolian sources, and from marine 
sources near the coast (Brearley 2005). The highly weathered soils of the Swan Coastal Plain 
generally have a high sand content and are susceptible to nutrient leaching. The sandy soils 
of the Swan Coastal Plain generally have a low Phosphate Retention index (PRI) (Figure 
2) and are highly susceptible to phosphate leaching (Haygarth and Jarvis 2002).
The PRI of soils is affected by surface chemistry and soil particle size. The extent to which 
soil sorbs P is related to soil particle size (Haygarth and Jarvis 2002). In general, smaller soil 
particles have greater surface area and therefore greater surface reactivity and phosphate 
binding capacity. Smaller soil particles are preferentially eroded, although in some sandy 
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soils of the Swan Coastal Plain this may be of reduced importance as P binds to Iron Oxides 
(He et al. 1998). The high phosphate sorbing capacity and erosion potential of smaller soil 
fractions contributes to the importance of erosion in P transport. Climate change may 
increase the amount of sediment (and organic or particulate P) mobilisation, increasing the 
amount of P delivered to receiving environments (Macleod et al. 2012). The importance of 
particle size on P transport in the Swan Coastal Plain varies with location, as there are large 
areas of coarse sandy soil (Salama et al. 2002) and patches of smaller soil particles, 
particularly the Guildford Clays (Salama et al. 2002). 
2.2.8 Land Use 
Much of the population in Western Australia is concentrated in and around the Perth area, 
which is heavily urbanised. More than 89% of Western Australians live on the Swan Coastal 
Plain (CSIRO 2009). Population has concentrated in this area due to the Mediterranean 
climate, wet winters, and access to fresh water. High rainfall and proximity to market have 
promoted agricultural activity in the area, though demand for housing has reduced the area 
used for agriculture. As a result, the area has been heavily developed and much of the 
original vegetation and wetlands have been removed. The Peel Region is located south of 
Perth within the Swan Coastal Plain. The Peel-Harvey Region is undergoing rapid 
urbanization, though extensive agricultural land use still occurs in this area. 
A variety of land uses occur within the Peel Harvey Region (Figure 5), which include urban
and agricultural land uses. Much of the Peel-Harvey Region has been subjected to 
agricultural land use in the area. Cattle grazing, for beef and dairy are the largest agricultural 
land uses within the Peel Harvey Region (Summers et al. 2002). The region is subject to rapid
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urbanization, particularly along the transport corridors, where remnant bushland and 
agricultural land is replaced by suburban developments. 
Land use and soil type have contributed to nutrient runoff and excessive nutrient 
concentrations in the lower reaches of the Serpentine and Murray Rivers and in the Peel-
Harvey Estuary. 
Figure 5: Land uses in the Peel-Harvey catchment  (Kelsey et al. 2011) 
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2.2.9 Nutrient movement 
Movement of nutrients in the Peel-Harvey Region is a major issue, due to the low capacity of
soil to retain nutrients in this area, and due to the land uses that occur in the region. P and 
nitrogen (N) and to a lesser extent other nutrients such as potassium and trace elements are 
commonly added to Swan Coastal Plain soils to improve agricultural productivity (Rivers et 
al. 2011). Where these nutrients are the limiting factor for growth, the application of 
nutrients will increase productivity. P and N are added through the application of mineral 
and organic (manure) fertilisers (Haygarth and Jarvis 2002) and often at excessive rates that 
provide little agricultural benefit (Weaver and Wong 2011). 
The efficiency of P usage (Phosphate Balance Efficiency) in agriculture may be measured by 
comparing the amounts of P added to the soil, with the amount of P in the agricultural 
products (Weaver and Wong 2011). P Balance Efficiency (PBE) depends on the type of 
agricultural land use, and on soil types. PBE is often low, ranging from 11% for sheep to 18% 
for cattle grazing (Weaver and Wong 2011). Low PBE in conjunction with the sandy soils, 
such as those found in the Swan Coastal Plain, which have low phosphate sorption capacity, 
results in P transport. Phosphate transport is further increased where the buffering capacity 
of the soil has already been exceeded (Ritchie and Weaver 1993; Weaver and Wong 2011). 
The average PBE for the Peel-Harvey Region is 20% (Rivers et al. 2011). Low PBE results in 
little agricultural benefit of excess fertiliser applications and greatly contributes to surface 
and subsurface transport of P into drains and receiving environments, where eutrophication 
can become a significant problem (Rivers et al. 2011). 
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Transport of P from agricultural to surface water has lead to water quality issues, 
particularly as a result of excessive growth of aquatic plants and micro-organisms, such as 
blooms of Nodularia in the Peel-Harvey Estuary (Harris 2001; McComb and Humphries
1992). 
Modes of transport of P from agricultural land may be categorised as dissolution or 
detachment (Haygarth and Jarvis 2002). Detachment may occur through the erosion of the 
soil surface, which typically has high concentrations of P, particularly organic P (Haygarth 
and Jarvis 2002). Detachment may occur through raindrop impact or through hydraulic flow 
over the soil surface (Adams and Elliott 2006). Erosion and surface flow are often the major 
source of P transport into surface waters, however, in sandy soils, subsurface flow can 
become a large source of P transport (Haygarth and Jarvis 2002). Dissolution is influenced by 
biological activity (which takes up P and alters P equilibrium) (Haygarth and Jarvis 2002). 
Some of the P applied to soils may never be stored in the soil, and may be directly lost after 
application (Haygarth and Jarvis 2002). This may be of particular significance in the Swan 
Coastal Plain, where PBE is low, the capacity of the soil to retain P, or Phosphate Retention 
Index (PRI) is low and P soil storage is near saturated (Rivers et al. 2011). 
Subsurface P loss from soil is affected by distance travelled (through the soil), residence 
time in the soil (related to flow rate) and the PRI of the soil (Gerritse 1995; Rivers et al. 
2011) . PRI is measured by comparing direct inputs of phosphate (fertilizer application) with 
phosphate in soil solution and in the soil store. 
In neutral and acidic soils, aluminium and iron oxide soil peds, or aggregates, strongly bind 
phosphate (Gerritse 1995; Haygarth and Jarvis 2002). Clay minerals also bind P in the soil 
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(Haygarth and Jarvis 2002). Although soils within the Peel-Harvey Region are generally
referred to as sandy, pedogenic oxides may be found in some of the podzolic soil profiles, 
and may increase P sorption in areas where these soil profiles are present (He et al. 1998). 
Erosion can be a major factor in nutrient transport. Erosion moves soil particles, and 
nutrients may be bound on the surface of the particles, and transported through erosion 
into streams and rivers. In many cases low frequency events can cause the majority of work 
within a system (Wolman and Miller 1960). Within the Peel-Harvey area, the low soil 
phosphate reduction index (PRI) may reduce the importance of sediment movement in P 
transport, although the Peel Main Drain passes through an area of higher PRI, including soils 
of higher clay fraction, and podzolic soils where P binds to oxides in soil peds (He et al. 
1998). 
2.3 Manipulating nutrient exports with site engineering 
2.3.1 Introduction 
Nutrient efflux from agricultural land in the Peel Harvey is a continuing issue, and methods 
of managing the transport of P into the estuary need consideration. Surface treatments of 
clay minerals have been used to increase the PRI of soils (Klauber et al. 2011; Summers et al. 
2002) , and controlling flow in drains may also be used to improve water quality (Kröger et 
al. 2011). Controlled drainage in conjunction with constructed wetlands may provide an 
additional management option, and has the potential to retain water for wetlands. 
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2.3.2 Soil amendments 
Soil amendments are widely used as a method for increasing the capacity of soil to retain 
nutrients and therefore a way of reducing nutrients exported into waterways (Sharpley et 
al. 2007). Soil amendments involve application of clays to the soil surface, increasing PRI and 
reducing permeability. Soil amendments are a proposed use of bauxite mining waste. Large 
stockpiles of bauxite residue have been produced, and there have been many studies 
focused on finding a use of bauxite residues (Klauber et al. 2011). Application of bauxite 
mining residue to soils is one method for reducing the export of nutrients from agricultural 
land. Bauxite mining residue largely consists of silica and iron and aluminium oxides. The 
residue generally has a high pH (of 11). The soil particle size of the residue is fine and often 
predominantly silt sized (Summers et al. 2002). In a trial in the Meredith catchment, 
nutrient levels in water outflows were reduced following the application of mining residue 
(Summers et al. 2002). Usage of bauxite residue is low, though it is generally thought that 
the residue is not significantly more dangerous than the original ore, with an average of 1.5 
t of dry residue produced per tonne of alumina (Klauber et al. 2011). It is noted that the 
content of heavy metals and naturally occurring radioactive minerals may vary from site to 
site, so the ~65% increase in concentration could build these above safe levels if 
radioactivity is already high in the ore (Klauber et al. 2011). High pH is another consideration 
(Summers et al. 2002), and if this is not treated before use, it may be hazardous due to the
high pH, and may cause damage to plants (Klauber et al. 2011). 
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2.3.3 Controlled Drainage 
Controlled drainage is a potential method for improving water quality and reducing runoff 
from drains as drains act as preferred pathways for the movement of P from agricultural 
land. Manipulating the flow rate through the construction of a weir may increase residence 
time and decrease flow rate, reducing P and N export from agricultural land (Olli et al. 2009; 
Sharpley et al. 2007). The means by which controlled drainage can affect P transport include 
alteration of sediment export, biological uptake of P in sediment, and a reduction in total flow. 
Controlled drainage can reduce nitrogen efflux from agricultural land through denitrification 
processes in the anaerobic conditions that controlled drainage promotes (Sharpley et al.
2007). In some situations controlled drainage may also decrease phosphate retention 
capacity due to anaerobic soil conditions, increasing P efflux (Sharpley et al. 2007). 
Flow and P efflux are related in a number of ways, including movement of sediment, volume 
of water, physico-chemical processes and biological processes (Sharpley et al. 2007). P 
retention is inversely related to flow rate and depth of drains (Olli et al. 2009). This 
relationship may be due to a build-up of sediments within the drain, in which P is stored. 
Flow regulation may promote sedimentation and P storage where surface P erosion is 
significant (Haygarth and Jarvis 2002; Olli et al. 2009). High flow events and erosion may 
decrease the effectiveness of controlled drainage over the long term, depending on the 
amount of sediment exported during high flow events. The ratio of soluble reactive P to 
organic or particulate P may influence the effectiveness of variable height weirs in reducing 
nutrient transport. McComb and Humphries (1992) reported that more than 80% of the 
phosphate entering the estuary was in the form of soluble reactive P. 
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A study by Rozemeijer and Broers (2007) in the Netherlands indicated that groundwater and 
surface water may interact, and that groundwater can be a significant contributor to 
pollution of surface water in drains. This was considered to be most relevant to land with 
very limited slope (Rozemeijer and Broers 2007), like the Swan Coastal Plain and Peel-
Harvey Catchment areas. The surface-groundwater interaction was also studied by Cey et al. 
with similar findings. Groundwater is recognised as a major source of nutrient trans-
port, and drainage provides preferred pathways for movement of groundwater, 
increasing the rate of nutrient transport (Sharpley et al. 2007). 
Drains may greatly increase subsurface flow rates, increasing the rate of P transport through 
the soil profile. This may also increase the movement of fine particles, such as clay (with 
bound P) through the soil, if the soil has large pore spaces (Haygarth and Jarvis 2002). Drains 
may also decrease the water table, which may lead to mineralisation of some of the organic 
P in the soil. 
Controlled Drainage (CD) has been applied for water quality management internationally, in 
humid and arid climates, in countries including Australia, Italy, Sweden and the USA (Ayars
et al. 2006; Borin et al. 2001; Wesström et al. 2001). Controlled drainage has also been used 
in conjunction with constructed wetlands (Borin et al. 2001). CD modifies subsurface flow of 
water, and can be achieved through the installation of a riser, or variable height weir (Ayars
et al. 2006). Significant reductions in outflow and nutrient transport have been observed 
using this method (Kröger et al. 2008; Wesström et al. 2001).
Controlling flow in drains may be achieved in a variety of ways, including drop board weirs, 
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each of which have different benefits and costs (Rampano 2009). 
The aim of controlling drainage is to slow the flow of water in the drainage systems and 
improve the retention of nutrients in the catchment upstream of the weir (Kröger et al. 
2008). It may have additional benefit in terms of the amount of groundwater retained in the 
area upstream of the weir, particularly where the drain intersects groundwater 
potentiometric surfaces. 
Modelling of nutrient transport is becoming more feasible (Gikas et al. 2006) and can 
incorporate surface runoff and erosion, and subsurface flow. Erosion, including both 
raindrop detachment and surface flow erosion can be modelled using SHETRANS physically 
based hydrological modelling software (Adams and Elliott 2006). Other modelling software, 
such as AGNPS can be used to model P flows through groundwater (Rivers et al. 2011). 
Hydrological models provide a valuable tool in understanding nutrient dynamics within 
agricultural catchments (Gikas et al. 2006). 
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3 Methods 
Following the literature review, modelling hydrology within the Peel Main Drain area 
involved three steps. These involved modelling water level within the Peel Main Drain for 
different flow rates, interpolating a groundwater surface from a number of monitoring 
bores for several years where data were available and developing a nutrient load model for 
the Peel Main Drain. 
One of the limitations of the study was the lack of nutrient data from the Peel Main Drain, 
and for this reason discussion of controlled drainage on the Peel Main Drain is mainly
theoretical, and an assessment of feasibility based on hydrology in the Peel Main Drain area. 
The focus of this study is thus on the hydrological component of controlled drainage in the 
Peel-Region, focusing on the Peel Main Drain. 
3.1 Water levels, drain flow and nutrients 
In order to assess the practicality of controlled drainage for improving water quality and 
retaining water for wetlands in the Peel Region, hydrology of the Peel Main Drain was
studied, using datasets provided by the Department of Water (Table 1). 
Modelling was undertaken using HEC-RAS (Hydraulic Engineering Corps-River Analysis 
System) to study water levels In the Peel Main Drain throughout years where flow data were
available. HEC-RAS is a one dimensional hydraulic flow model (Brunner 2010). This model 
uses an energy-slope method to estimate water levels within the drain for particular flow 
rates (Brunner 2010). 
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LIDAR imagery used for the digital elevation model (DEM) was provided by the Department 
of Water (Table 1), and was used to generate cross sections of the stream profile at 90 
degrees to stream flow, giving volume and bank heights. The DEM was constrained to the 
southern end of the Peel Main Drain, from south of the Spectacles wetland to the Karnup Rd 
flow gauging site (Figure 1). Preparing the LIDAR imagery for use in HEC-RAS required 
hydrological conditioning using ArcGIS to remove distortions caused by water within the 
drain, and vegetation, in order to remove flow barriers. Hydrologic conditioning was 
achieved using built in tools within the ESRI ArcGIS software. 
Preparing the DEM for use with the cross section generating River Bathymetry toolkit 
required removal of the tributaries and pools from the Peel Main Drain model to generate a 
single streamline. The River Bathymetry toolkit (RBT) program (McKean et al. 2009) was 
used within ArcGIS to generate the Peel Main Drain cut lines at 5 metre intervals. To 
automatically generate cut lines, RBT generates a stream line through the study area, and 
uses this line as a reference for cut lines, which are created at 90 degrees to the streamline 
(McKean et al. 2009). Cut lines provide cross sectional data of the study area at even 
intervals for use in HEC-RAS. 
Table 1.Datasets used 
Resolution Period of 
Record 
Source 
LIDAR elevation data 1x1m. Vertical 
error ± 150 mm 
- DoW 
Flow hydrographs Daily 1976-2012 DoW 
Bore data Daily 1975-2013 DoW. Water Information 
network 
Rainfall data – BP 
refinery, Kwinana 
Nutrient Data –
Murray 
Daily 
Monthly 
1956-2013 
2009-2013 
WA Bureau of Meteorology 
Friends of Rivers Peel 
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In addition the DEM data, flow data in the Peel Main Drain was required for modelling of
water levels in the Peel Main Drain. Flow hydrograph data were provided by the 
Department of Water (Table 1), and were used within HEC-RAS to generate elevations for 
flow rates. 
Flow hydrograph data were not available for many years at a number of the flow gauging 
stations (Figure 6), which limited the number of years that could be used for the model. 
Flow hydrographs at several of the stations do not correlate with other stations, presenting 
another limitation. Several other hydrograph stations were used, including the Thomas Rd, 
Folly Rd and Marmanup Pool flow gauging stations. 
Figure 6. Timeline of hydrograph data in the Peel Main Drain (Data courtesy of DoW)
Flow hydrograph data were used to estimate probabilities of flow events in the Peel Main 
Drain, and therefore probabilities of water levels in the Peel Main Drain. Flow data were also
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used in baseflow estimation, using a digital filter approach for hydrograph separation, 
described by Eckhardt (2005). The Folly Rd hydrograph was chosen due to its location 
towards the downstream end of the study area and the period of data available, and the 
Thomas Rd. hydrograph due to the period of data available. A baseflow index of 0.5 was 
used, corresponding to an ephemeral stream (Lim et al. 2005).
Nutrient data were collected monthly at several sites in the Peel Region, including drains and
rivers contributing to the Murray River. Data were collected monthly from 2009 to the 
present, as a continuation of a Rivers of Blue program, presently run by Friends of Rivers 
Peel. Samples were analysed using Aquaspex® colourimetric test kits, and include PO4 and 
NO3 data. The North Dandalup River data were used for estimation of nutrient loads in the 
Peel Main Drain, using Peel Main Drain flow data from the Hope Valley station (6141013), 
separated into baseflow and quickflow components. Nutrient loads (by month) were 
estimated by extrapolating from average monthly measurements (in kg/ML) in the North 
Dandalup River, and multiplying these by average monthly total flow, quickflow and 
baseflow to give PO4 loads in kg/month for each of these flows. 
3.2 Groundwater interpolation 
In order to understand the influence of groundwater within the Peel Main Drain area, 
groundwater data were used to estimate groundwater surfaces, based on measurements 
from bores distributed throughout the study area. Due to the low frequency of sampling at 
some of the monitoring bore sites, data were averaged by month where available. 
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Some of these sites are no longer in use and data on groundwater were not continuous 
across all sites. Some bores were monitored infrequently. To generate a groundwater 
surface, daily values were averaged, and averaged data were imported into ArcGIS. ArcGIS 
was used for interpolation of a groundwater surface using monthly average water level data 
from bores located around the Peel Main Drain. Data were not available for many of the 
years, and averages were used where data were available from all the bore sites. Inverse 
distance weighting (Childs 2004) was used to interpolate the groundwater surface from 
point measurements.
The groundwater surface and DEM were then compared using raster algebra identifying 
areas where interpolated groundwater was higher than the ground surface. The monthly 
groundwater surfaces were used to identify low-lying areas in the landscape that may be 
subject to groundwater seepage. Water levels in the drain, and groundwater surfaces were 
compared using ArcGis to estimate groundwater interaction with surface water in the drain. 
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4 Results 
4.1 Rainfall and Groundwater 
There has been a significant negative trend in groundwater level over the last three decades 
in the area near the Peel Main Drain (R2=0.67, P<0.01), resulting in a decline of about one 
metre over 30 years. Groundwater levels also vary seasonally by about one metre each year 
(Figure 7). Rainfall at the BP refinery has remained reasonably constant over this period, and 
has not significantly changed in quantity (Figure 8). Peak Rainfall occurs during June, with an 
average of 160mm, and average rainfall is above 60mm per month from May to September. 
Figure 7. Groundwater level near the Peel Main Drain at monitoring bore 
AWRC 6141086 from 1976 to 2012 (Courtesy of DoW).
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4.2 Peel Main Drain 
Rainfall and flow in the Peel Main Drain were related, with spikes in rainfall resulting in flow 
spikes. From January until May runoff response to rainfall spikes was poor, and from August 
onward there were longer flow responses following rainfall indicating increasing baseflow 
(Figure 10). There is a weak positive trend (R2=0.46) between rainfall and flow at the Folly 
Rd flow gauging station (Figure 11), and a similar but weaker (R2= 0.26) trend at the Thomas 
Rd flow gauging station (Figure 12).  
Figure 8. Monthly rainfall at the BP refinery weather station from 1976 to 2012 (Courtesy of 
BoM)
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Figure 10. Rainfall at the BP refinery in Kwinana from May 94 to Aug 1994 (Courtesy of BoM) 2013 
Figure 9 Flow measured at the Folly Rd flow gauging station in the Peel Main Drain May 94 to 
Aug 94 (Courtesy of DoW 2013) 
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Groundwater level rose rapidly from May to August in the Peel Main Drain in 1994 (Figure 
17), and during the period of peak rainfall (Figure 3) flows increased to 50 ML/d and up to 
250 ML/d (Figure 12). Baseflow in the Peel Main Drain rose rapidly following the increasing
groundwater level and rainfall, and during the winter ranged from 0.14 ML/day at the start 
of June to 48 ML/day at the Folly Rd. station (Figure 15). There is a significant weak positive 
trend between groundwater level and flow at the Thomas Rd station (R2=0.17, P <0.01) 
(Figure 13), this regression increasing slightly when the data are log transformed (R2=0.19) 
(Figure 14). 
Figure 11 Rainfall at the BP weather station in Kwinana and Peel Main drain flow at the 
Folly Rd. Station 1994 to 1998. 
Figure 12. Rainfall at the BP weather station in Kwinana and Peel Main drain flow at 
the Thomas Rd. Station 1985 to 2001. 
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Figure 13. Flow in the Peel Main Drain at the Thomas Rd. Station and groundwater level 
near the station (6141086) 
Figure 14. Flow in the Peel Main Drain at the Thomas Rd. Station and groundwater level 
near the station (6141086) log transformed 
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Rare high flow events are unlikely to overflow the banks of the drain, and the flooding risk in 
the area is variable (Figure 19). In some of the lower areas near the Peel Main Drain, the 
flood risk is high. Highest modelled water levels within the study area on the Peel Main Drain
occur between June and August, with a maximum modelled depth of 1.2m, 0.3m below the 
raised banks at RS 8.873 (the top of the modelled area) (Figure 17). 
Figure 15. Streamflow and estimated baseflow at the Folly Rd station on the Peel Main Drain from 
94 to 98 using the Purdue WHAT recursive digital filter and a baseflow index of 0.5
Figure 16. Rainfall at the BP weather station and measured 
groundwater level at one bore 
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Figure 17. Water level in the Peel Main Drain from 1994 to 1995 at the upstream end of 
the model, graphed against bank height at this location 
Flows of over 100ML/day are very unlikely at the downstream end of the Peel-Main Drain 
study area (Figure 18). Flows of between 0.1 and 10 ML/day are most likely (Figure 18). Flow 
at the Hope Valley Station was less variable than at stations upstream, with comparatively 
subdued peak flows. 
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Figure 18. Flows at the Hope Valley Station (614013) and probability of non exceedance of 
flow rates 
4.3 Wetlands and groundwater 
Areas where groundwater is near the ground surface are common throughout the Peel-
Main Drain area. There are many perennial wetlands identified through the comparison of 
the groundwater surface and DEM, and these correspond to wetlands when cross-checked 
with Google Earth. There is a considerable range from the driest month, generally April, to 
the wettest month August. As data for August were unavailable, data for October were 
substituted (Figure 19). There is also variation between wettest (highest measured rainfall) 
and driest years (Figure 20), with a much greater area of seepage identified during wetter 
years. The wettest year for which sufficient data were available was 1991, during the 
1977 to 2012 period. 
38 
Figure 19. Areas of groundwater seepage around the Peel Main Drain are highlighted 
green 
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The Peel Main Drain is a groundwater influenced drain during winter months, with the 
interpolated groundwater surface intersecting the bottom of the drain for some months on 
average (Figure 20). April is generally the driest period of the year, where groundwater 
levels are lowest. Groundwater level varies by about 1 metre throughout the year in this 
region (Figure 7). 
Figure 20. Groundwater seepage, wettest and driest years of study, Peel Main Drain 
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4.4 Peel Region nutrient flow 
Export of nutrients through waterways in the Peel Region continues, particularly PO4 
(Figure 21). PO4 export in the North Dandalup River has not changed significantly in the
short term, and has a high level of variance throughout the year (Figure 22). Nutrient
data are not available for the Peel Main Drain.   
Estimated PO4 efflux is variable and peaks in late winter (Figure 22). Breaking PO4 efflux into 
quickflow and baseflow components, there is a large baseflow contribution to total efflux, 
particularly from August to December. Baseflow accounts for more than half of the total PO4 
efflux (Figure 23). 
Figure 21. Total PO4 (mg/L) at the MRRE01 sample site on the North Dandalup River, 
sampled monthly 
41 
Figure 22: Estimating monthly PO4 load in the Peel Main Drain using four year average 
values from North Dandalup River at site MRRE01 and average Peel Main Drain flows –
1976-2000 
Figure 23: Baseflow and quickflow components of estimated monthly PO4 load in the Peel 
Main Drain using four year average values from North Dandalup River at site MRRE01 and 
average Peel Main Drain flows – 1976-2000 
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5 Discussion 
5.1 Water 
There are two key issues relating to water quality within the Peel-Harvey Region identified in
this study. These are groundwater decline (Figure 7) and continued nutrient efflux (Figure 
22, 23), which supports previous studies (e.g. Kelsey et al. 2011). Rainfall quantity has not 
changed significantly over the last 30 years (Figure 8) in the north-western area of the
Peel Region where the Peel Main Drain is located, and although this does not match
findings of reports on regional scale trends in rainfall by CSIRO (2009b), it is possibly because
 it is a measurement from a single location.
Over this period, groundwater levels have significantly declined (R2=0.67, P<0.01, Figure 7). 
Groundwater decline is likely to continue over the long term as reduced rainfall in the 
southwest will result in decreased groundwater recharge (CSIRO 2009a). As rainfall has 
remained relatively unchanged at this location, the decreasing groundwater level is likely 
related to landuse in the Swan Coastal Plain, as well as a reduction in groundwater recharge 
at a landscape level, particularly as there are broad groundwater flows across the Swan 
Coastal Plain in response to the potentiometric surface of the surficial aquifer (CSIRO 
2009a). 
In addition to the decline in groundwater level (Figure 7), high nutrient levels persist in 
wetlands and waterways in the Peel Regions (Figure 22) (Kelsey et al. 2011). Estimation of 
nutrient load using North Dandalup River values may give an indication of loads in the Peel 
Main Drain. Using this method, PO4 peaks in August to September, and in this model is 
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influenced by baseflow contribution (Figure 22,23). Baseflow contribution provides more 
than half of the PO4  of the total P efflux.  Nutrient export in drains and rivers continues in 
the Peel Region, and nutrient intensive land uses such as agricultural and residential land 
uses occur in this landscape, in an area which has sandy soils and low nutrient retention 
capacity (Kelsey et al. 2011; Summers et al. 2002). Sediment in drains and rivers may have a 
high nutrient load which will continue flushing for some time. The high water solubility of 
fertilisers used in the Peel-Harvey Region has also contributed to the water quality issues
(Keipert et al. 2008) and this has resulted in eutrophication of waterways and associated 
poor water quality occurring in the drains, rivers and the Peel-Harvey Estuary (Brearley 
2005; Keipert et al. 2008). 
The soil over much of the area has poor capacity to retain nutrients, and has high soil 
particle size and permeability (Haygarth and Jarvis 2002; Rivers et al. 2011). This issue is 
compounded by the low and flat coastal landscape, where groundwater is close to the 
ground surface (Figure 20). Nutrients travel relatively quickly into groundwater, and into the 
drains and rivers. The flat landscape and saturated soils leads to rapid overland flow 
represented by spikes in the Folly Rd hydrograph (Figure 15) which is mentioned as one of 
the factors contributing to high nutrient efflux in the area (Gerritse and Schofield 1989). 
The Peel-Harvey area is subject to rapid urbanization, and much of the landscape is low, 
made up of a number of older coastal dune swales (Brearley 2005). Lower areas within the 
landscape often are areas which in the recent or more distant past used to be wetlands, and 
these areas may be prone to flooding (Figure 20). 
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There is a significant amount of literature describing the movement of nutrients through soil 
in the Peel Region (Gerritse and Schofield 1989; Haygarth and Jarvis 2002; Hodgkin et al.
1980; Rivers et al. 2011; Summers et al. 2002), and a range of options exist to manage 
nutrient movement. Nutrient retention of the soil may be increased by site engineering, 
including amending the soil with clay (Summers et al. 2002) and controlling drainage (Ayars
et al. 2006; Borin et al. 2001; Kröger et al. 2011; Wesström et al. 2001). Nutrient retention 
may also be improved through changes in fertilizers used (Keipert et al. 2008). Catchment 
water-quality may also be improved through changes in land management practices, 
including changes in fertilizer use, which could become more effective through education 
and information targeting land managers (Keipert et al. 2008). Application of clay to the soil 
surface can improve nutrient retention (Summers et al. 2002), as clay has far lower particle 
size than sand, and therefore a much greater surface area. Clay is less permeable than sand, 
which may increase the residence time of water in the soil. 
5.2 Controlled Drainage 
Groundwater level in the study area, from Hope Valley to Karnup Rd varies by about one 
metre throughout the year, and during the winter months, the Peel Main Drain 
intersects the groundwater surface (Figure 20) (Brooks 2009). Baseflow, which is 
derived from groundwater entering the drain, is a major component of total flow in the 
Peel Main Drain, occurring over a 3-4 month period, with base flows of up to 100 ML/
day at the Folly Rd Station (Figure 15). Controlled drainage in the Peel Main Drain would 
decrease baseflow (Sharpley et al. 2007).
45 
Modelled nutrient loads in the Peel Main Drain indicate that about 50% of PO4 efflux is
 due to baseflow (Figure 23). 
At peak flow rates, modelled water level is below bank height (Figure 17). This model is 
limited by the removal of pools and basins within the drain, which provide more elasticity in 
the drain network, and actual peak levels are likely to be lower than modelled levels. 
One of the risks associated with controlled drainage is flooding in the Peel-Harvey Region
(Figure 20), due to the low and flat landscape. This risk can be mitigated though the use of 
variable height weirs or other structures which can be altered, such as drop board weirs, 
regulating water levels in the drain. Managing flood risk associated with controlled drainage 
by using variable control structures would be an ongoing expense, and this would limit the 
application of controlled drainage to areas where there would be substantial benefit, 
including areas where wetlands are being drained (Figure 1). Groundwater level is declining 
in the Peel-Harvey Region (Figure 7), and controlling drainage will reduce the decline in
groundwater and retain water for wetlands (Sharplet et al. 2007). Rainfall and groundwater 
level are forecast to decline further over the next 20-30 years as the south-western 
Australian climate changes (CSIRO 2009b; Petrone et al. 2010), and retaining water for 
wetlands will become increasingly important. 
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5.3 Further Study 
Further study can be carried out by measuring nutrient levels in the Peel Main Drain 
throughout the year, to determine the proportion of nutrients carried on eroded soil 
particles and in solution. This would aid in determining the effect of controlled drainage on 
nutrient retention, and the importance of sediment transport of P, particularly during rare 
high flow events. If transport of P in sediment is high during rare high flow events, this may 
reduce the effectiveness of controlled drainage. This study was constrained to examining 
mechanisms of controlled drainage for improving water quality, and the hydrologic 
component of feasibility for controlled drainage in drains in the Peel-Harvey Region, focusing
on the Peel Main Drain. Application of groundwater level interpolation can also be applied 
for larger scale flood modelling. 
Using tracers, including non-toxic dyes and radioactive isotopes to study the movement of 
groundwater into the drain could also be useful, to aid in identifying when and where 
groundwater intersects with the Peel Main Drain. 
6 Conclusions 
From observation of algae and aquatic plant growth in the Peel Main Drain (Figure A1, A2, 
A3), water quality issues persist within the drain, and P efflux continues in drains and rivers 
in the Peel Region (Kelsey et al. 2011) (Figure 22), though nutrient data for the Peel Main
Drain were unavailable for this project. The occurrence of large algal blooms in the Peel-
Harvey Estuary has been reduced through a range of management methods, 
including changes in landuse practices, and engineering approaches including soil 
amendments and the construction of the Dawesville Channel, which increased flushing of 
the Peel-Harvey Estuary (Rivers 2004). Nutrient efflux and water quality issues persist in the 
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drains and rivers which feed in to the estuary. This issue is compounded by a second issue, 
predicted long term decline in rainfall, and declining groundwater levels, due to 
groundwater extraction and a decline in groundwater recharge. 
Controlled drainage is an additional management option to reduce nutrient efflux and 
increase water retention within the Peel-Harvey Region, particularly where there is
groundwater interaction with the drain network. Groundwater contributes to drain flow 
(Figure 15) within the drainage network in the Peel-Harvey Region, and many wetlands are 
drained in the Peel Region (Figure 19, Figure 20). In the Peel Main Drain area, Controlled 
drainage would reduce baseflow (Figure 23) and nutrient efflux, and the main
considerations include flooding and cost. Controlled drainage can retain groundwater and 
decrease nutrient efflux, although there may be an associated flood risk, which could be 
managed through the use of a variable height weir or other variable flow barrier. Controlled 
drainage in the Peel Main Drain is a viable management option, but flooding risk, and cost of 
mitigating this risk limit the number of locations where this approach can be applied. 
This work in this thesis can be expanded on by determining nutrient loads throughout the 
year in the Peel Main Drain to determine the load contribution of baseflow and quickflow 
for N and P. Studying the proportion of P transported in soluble form and bound to soil 
particles would also be useful, particularly for estimating the importance of sediment 
movement in nutrient efflux into the Estuary. Sediment movement (and therefore nutrient 
movement) may be high during rare peak flow events, and may reduce the effectiveness of 
controlled drainage over the long term. 
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Appendix A. Images of the Peel Main Drain in February 2012 
Figure A1. Aquatic plant growth in the Peel Main Drain, Karnup Rd Station. 
Figure A2. Aquatic plant growth in the Peel Main Drain, Karnup Rd Station. 
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Figure A3. Aquatic plant growth in the Peel Main Drain, Folly Pool. 
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Appendix B. Hydrograph station numbers and locations 
Table B1. Hydrograph Stations 
AWRC Name AWRC Number 
Hope Valley 614013 
Marmanup Pool (Outflow) 614100 
Marmanup Pool (Inflow) 614099 
Dog Hill Rd 614098 
Thomas Rd 614076 
Spectacles SSP 614095 
Folly Rd 614096 
Karnup Rd 614121 
